Introduction
The term As Low As Reasonably Achievable (ALARA) goes back to articles in 1980, 1986 and 1999 [1] [2] [3] . In 2001, a group of inspired pediatric radiologists introduced the ALARA concept into routine clinical radiology practice [4] [5] [6] [7] . The ALARA and the Image Gently campaigns have been very successful in achieving their goals of reducing unnecessary imaging and radiation exposure, inspiring the development of new technology, and expanding our understanding of measuring radiation dose in humans [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
ALARA and Image Gently evolved from a belief that even if the true cancer risks of X-ray imaging were not known, a cautious approach of minimizing radiation was sensible. Although most radiologists believe the cancer risks from medical imaging are extremely small, if they exist at all, the media and some medical journals have so magnified and advertised this cancer risk that some patients and referring physicians may be avoiding medically indicated CT scans ( Table 1) .
The objectives of this article are to make radiologists aware of the extensive adverse publicity that CT has received in respected media (television and newspapers) and in publications from non-radiologists. My hope is that, with this knowledge, pediatric radiologists can improve the care of their patients by being prepared to address questions from parents and referring physicians with honest reassuring answers.
I will review and critique many of the misleading conclusions regarding cancer risk from CT that have appeared in the media and some journals. I will also review the historical background that led to a belief that data on the cancer incidence from the survivors of the atom bombs in Japan can be extrapolated back in a linear fashion to calculate the cancer risk from tiny radiation doses. This belief that no threshold exists for cancer risk from radiation is termed the linear no threshold theory. With new data from atom bomb survivors, this linear no threshold theory is being seriously challenged [16] [17] [18] [19] [20] . Finally, I will discuss recent epidemiological studies that have linked CT to cancer. These studies must be interpreted with great caution. I will provide the pediatric radiologist with information regarding real weaknesses in these studies that they can share with patients, parents and referring physicians.
Negative perceptions and exaggerations of risks of cancer from diagnostic X-ray imaging This will be discussed from the perspectives of the media, the medical world, society and patients.
Media
Radiology may not always be perceived favorably by the media. Medical television series routinely portray radiology unfavorably, and the public's perception of radiologists is often unflattering [21, 22] . After the publication of Brenner's 2001 article [23] saying that "In the United States, at least 600,000 abdominal and head CT examinations per year are currently performed on children less than 15 years old and, of these individuals, a rough estimate is that approximately 500 will ultimately die from a cancer attributable to the radiation from the CT", the newspaper USA Today published an article entitled "CT scans in children linked to cancer" [24] . There is an abundance of public media output saying CT imaging causes cancer -without any comments that the risk is extremely small or even zero (Table 1) . This is hardly surprising when prestigious journals such as the New England Journal of Medicine publish articles titled "Elements of Danger -The case of medical imaging" saying a physician inflicted harm on a single patient because he exposed the patient to radiation by ordering a series of imaging tests including CT coronary angiogram and angiography [25] . The author goes on to say that "we must conclude that with a few exceptions--such as mammography--most radiologic imaging tests offer net negative results. There is little high-level evidence of benefit, whereas cumulative radiation exposure can produce real harm" [25] . The New York Times published an opinion editorial in 2014 entitled "We are giving ourselves cancer" [26] . The article states unequivocally that "we are silently irradiating ourselves to death" and "neither doctors nor patients want to return to the days before CT scans, but we need to find ways to use them without killing people in the process" [26] . The authors continue that "there is distressingly little evidence of better health outcomes associated with the current high rate of (CT) scans; there is, however, evidence of its harms" [26] . The authors also called for a decrease in the number of CT scans. In his response letter in the New York Times, the president of the American College of Radiology agreed with the need to decrease the number of CT scans [27] . He did not challenge the dogmatic statements that CT causes cancer and "we are silently irradiating ourselves to death." The media loves to exaggerate [25, [28] [29] [30] . It sensationalizes any article or comment that advocates the viewpoint that cancer can be caused by low-dose radiation from CT scans [31] . Table 1 summarizes media headlines, all reported within a 7-day period in 2012, following publication of the Pearce [32] epidemiological study in Lancet, claiming that as little as a single CT scan increases cancer risk in children.
Medical world
The idea that very low doses of radiation are harmful goes back to the Nobel Prize Herman Muller's acceptance speech in 1946 [28, 33] . Muller stated that there are no safe levels of radiation exposure, and no threshold below which radiation is not harmful. He had no foundation for this statement as he only studied the effects of very high radiation doses on fruit flies. Muller's statement was the start of the linear no threshold belief. Recent experiments have shown that Muller was wrong and that low doses of radiation have no harmful effects on fruit flies [34] .
The current opinion among most radiologists is that low-dose radiation should be considered as a possible very small, if not definite, cause of cancer. Although many radiology publications indicate that cancer risks from CT scans are extremely small, this is unfortunately not always the case [4, 11, 23, 32, [35] [36] [37] [38] [39] [40] [41] [42] .
Many articles on the risks of CT scans causing cancer are now being published in prestigious non-radiology medical journals [25, 26, [43] [44] [45] [46] [47] . The fact that cancer risk from CT is less than the risk of an erroneous diagnosis from failure to do a CT scan is not always clearly stated. This may lead to the perception of a risk that is very much larger than it truly is. An editorial in JAMA this year states "it is well accepted that malignancy risks from CT radiation are real" [44] . An article in Pediatrics in 2003 states "It is apparent that without extrapolation or animal experimentation, low-dose radiation has a small but statistically significant individual risk of excessive cancer over a child's lifetime" [46] . Another article in Pediatrics states that CT can be dangerous with "a significant Table 1 Media comments on the 2012 Pearce Lancet article, "Radiation exposure from CT scans in childhood and subsequent risk of leukaemia and brain tumours: a retrospective cohort study" [32] "CT scans in kids linked to leukemia, brain cancer risk" ABC World News, June 6, 2012 "CT scans increase children's cancer risk, study finds" New York Times, June 6, 2012 "CT scans boost cancer risks for kids" National Public Radio (NPR), June 7, 2012 "CT scans warning after study claims too many could lead to brain cancer" Guardian newspaper (UK), June 6, 2012 "CT scans can triple the risk of children getting leukemia" The Times Newspaper (London), June 7, 2012 "CT scans could triple risk of a brain tumour in children" The Telegraph Newspaper (London), June 7, 2012 "Multiple CT scans on children can increase risk of developing cancer" BBC News, 7 June 7, 2012 "CT scans on children could triple brain cancer risk'" BBC News, June 6, 2012 "CT scans in children raise risk of cancer" American Cancer Society, June 7, 2012 "Multiple CT scans in kids triples cancer risk, but researchers caution overall risk low" CBS News , June 7, 2012 "Child CT scans could raise cancer risk slightly" USA Today, June 6, 2012 "Childhood CT scans may raise brain cancer, leukemia risks slightly" Huffington Post, June 6, 2012 "NIH study finds childhood CT scans linked to leukemia and brain cancer later in life" National Institute of Health NIH News, June 7, 2012 "Child CT scans may up risk of brain cancer, leukemia" U.S. News and World Report, June 7, 2012 "Children's CT scans pose cancer risk" Wall Street Journal, June 7, 2012 "CT scans in childhood can triple brain tumor, leukemia risk" Los Angeles Times, June 6, 2012 "Childhood CT scans can triple risk of brain cancer" Fox TV News, June 7, 2012 "CT scans 'can triple the risk of children getting leukaemia'" Royal College of Pediatrics and Child Health, June 2012 "CT scans raise cancer isk for children" Medical News Today, June 8, 2012 "CT scans tied to cancer in children" WISH TV Indianapolis, June 7, 2012 increased risk of fatal cancer from low dose radiation" and "there was the potential for inducing an increase in the number of cancer fatalities from a single CT" [47] . Recent articles in the New England Journal of Medicine claim "as many as 2% of cancers may be attributable to radiation exposure during CT scanning" [25] ; an article entitled "Elements of danger -the case of medical imaging" states that "irradiation represents a direct danger imposed by a physician's decision to refer a patient for imaging" [26] ; in 2007, Brenner [36] wrote "In summary there is direct evidence from epidemiologic studies that the organ doses corresponding to a common CT study (two or three scans, resulting in a dose in the range of 30 to 90 mSv) result in an increased risk of cancer. The evidence is reasonably convincing for adults and very convincing for children." An editorial article in the Archives of Internal Medicine claimed that 15,000 people will die from CT scans performed in the USA in 2007 and concludes that the "explosion of CT scans in the past decade has outpaced evidence of their benefit" [43] .
Risk estimates from CT scans vary. Brenner [23] , in one of the earliest articles, in 2001, estimated that a yearold child had a 1 in 500 chance of getting cancer from a single CT scan. "… radiation from CT studies currently being performed may ultimately account for 1.5% to 2% of all cancers in the future" [48] . "For girls, radiationinduced solid cancer is projected to result from every 300 to 390 abdomen/pelvis scans, 330 to 480 chest scans, and 270 to 800 spine scans, depending on age" [49] "Nationally, 4 million pediatric CT scans…performed each year are projected to cause 4870 future cancers" [49] . "…1 in every 270 forty-year-old women undergoing a CT coronary angiogram will develop cancer from the procedure" [43] .
Society
All the publicity generated by publications linking diagnostic CT scan with cancer may result in legal action. There is already one reported case of a woman suing because an error resulted in her having a CT scan with a larger than necessary radiation dose [50] . It is entirely possible that we could see class-action lawsuits from parents of children with leukemia or other pediatric tumors, diagnosed a few years after CT scans performed for unrelated reasons.
There are calls for routinely informing patients of the risk of cancer when they undergo CT scan [47, 51] . The National Cancer Institute says, "People should discuss the risks and benefits of CT with their doctors" [52] . The value of this has been questioned [31, 53] . It is time-consuming and, thus, expensive. Explaining the theoretical CT risks are not only impossible to do, but also meaningless as the risk, if any, is minute. It is like requiring a car salesman to explain the risks of dying in a car accident every time he sells a car.
Patients
The current attention in journals and public media regarding CT scans and cancer may impact the quality of medical care provided. The risk of harm from all the negative publicity may now exceed any cancer risk from CT scans. Scientific studies to prove a negative impact on patient care by not doing a CT scan are difficult to perform. We can, however, speculate that our patients may be harmed in three different ways.
Patients may be denied valuable, needed CT scans [28] . Patients may try to avoid prescribed CT scans because they have been informed that scans increase their risk of cancer [13, 28, 31, 54] . Referring doctors may avoid ordering needed CT scans because of cancer fears. We truly risk doing far more harm to our patients by denying them clinically needed and potential therapy-changing CT scans. The risk of missing a diagnosis or complication today, by not doing a CT scan, is surely greater than the hypothetical risk of getting cancer from the CT scan many years in the future.
CT scans could be performed with non-diagnostic dose levels [53, [55] [56] [57] . Ultimately, the diagnostic quality of any CT study is a subjective individual radiologist's decision [58] . The problem is that we cannot know what we are missing on a very noisy image. We may believe that we miss nothing, but do we know this for certain? It has been stated that the purpose of the scan should be to get a highly diagnostic image, and whatever techniques needed to achieve this should be used [31] .
Predictions that CT scans cause cancer create substantial anxiety. Statements that the dose from one CT scan is 60-100 times more than a chest X-ray dose may be true [31, 47] , but as the number seems horrific, anxiety increases [54] . Parental anxiety is accentuated by comments that "organs and tissues in younger children are more susceptible to radiation-induced cancer" [47] . Sick patients now have additional unnecessary anxiety and worry about getting cancer from their CT scans [28] . This anxiety cannot be measured, but it is real and unnecessary. Anxiety is compounded by ill-advised recommendations to discuss the radiation risks of CT with parents and patients [47, 59] . It is inconceivable that a patient can understand this complex topic.
Is there proof that low-dose radiation, <100 msv, causes cancer?
One must acknowledge that there is debate about the presence or absence of a threshold and the effects of low-dose radiation causing cancer [47, 54, 58, [60] [61] [62] . There is, however, growing evidence that earlier assumptions that CT scanning causes cancer, lack final absolute proof [16] [17] [18] [19] [20] 63] . Almost all evidence is based on regression models from data from exposure to extremely high radiation dose from the Hiroshima atomic bomb [25, 32, 35, 38, 57] . These models assume and claim that there is no threshold for radiation toxicity and that even the tiniest radiation dose from a CT scan has some toxicity. This is the linear no threshold theory. This is now challenged [16-20, 28, 31, 57, 64] . However, once concepts have been accepted, they can be difficult to refute [65] .
In a powerful policy statement in 2011, the prestigious American Association of Physicists in Medicine stated that the "Risks of medical imaging at effective doses below 50 mSv for single procedures or 100 mSv for multiple procedures over short time periods are too low to be detectable and may be nonexistent" [66] . Predictions of hypothetical cancer incidence and deaths in patient populations exposed to such low doses are highly speculative and should be discouraged [13, 14, 66, 67] .
Epidemiological studies have been used in an attempt to prove cancer risk from CT. There are arguments that epidemiological studies cannot provide an answer to the relationship between low doses of radiation and cancer. Epidemiological studies all use effective dose. Several authorities, including the International Commission on Radiological Protection, have argued that this dose calculation is not valid in epidemiological studies to estimate the risk from radiation [28, 54] . It is only of value in estimating annual population radiation exposure [28, 54] . Because of the high natural incidence of cancer, it is virtually impossible to detect a few radiation-induced cancers from CT scans, even if they did exist [13, 28, 41, 43, 54] . In many of the epidemiological studies, exposure assessment relies on interviews or retrospective studies of medical records [68] . These are subject to recall bias and very inaccurate reporting [68] . The relationship between radiation and cancer can be masked by confounding factors, not part of the causal pathway [41, 68] .
Over the years, there have been many small epidemiological studies reporting associations between low-dose radiation and cancer. They forget that statistical correlation does not prove cause and effect. Their findings are being disproved [57] .
In the past 2 years, two extremely large epidemiological studies have been reported. These have attracted a considerable amount of media attention. The first study was published by Pearce [32] in Lancet in 2012. The second was published by Mathews [42] in BMJ in 2013. Both these studies have flaws [57] . Pearce studied 178,000 children in the United Kingdom. The article has major study design flaws and inaccuracy in reported information [69] [70] [71] [72] [73] . The first sentence in the patients and study design portion of Pearce's methods section states that they "obtained typical machine settings for CT in young people from U.K.-wide surveys undertaken in 1989 and 2003." These statements cannot be true [69, 74] . Review of these surveys reveals that they did not provide this data. The 1989 U.K. survey included no children, only adults. The 2003 survey included 1,892 adults and only 72 children, 16 undergoing chest CT for malignancies and 56 undergoing head CT for trauma. More than 50% of the patients who developed cancer had only one CT scan; it is difficult to believe that a single CT scan causes cancer.
Mathews [42] reported a study of 10.9 million children in Australia of whom 680,211 had a prior CT scan. His results are difficult to accept [75] . During 9 years, the incidence of cancer in those children with prior CT scans was 24% greater than in those children never having had a CT. Even more astounding is that the estimated radiation dose received in the CT group was 4.5 mSv per scan (equivalent to about 1 year's normal background radiation) and 82% of the children had only one CT scan [42] . The study methods have been criticized [75, 76] . About half of the study cohort had unknown CT status but were classified as unexposed [75, 76] . Mathews' study showed an increase in cancers after latent periods as low as 1 year after CT exposure; it showed increase in tumors such as melanoma and Hodgkin not known to be associated with even very high doses of radiation; it ignored that patients having CT scans may already have other factors increasing their cancer risk [41, 75, 76] . It is concerning that there are already more than 94 citations of the Mathews article and 416 citations of the Pearce article. Many of these citations use the articles to spread fear.
Conclusion
ALARA and Image Gently have been amazing success stories, and we need to continually monitor current practice to ensure that the gains are not lost. Of course, we need to continue to use CT wisely and only when clinically needed. However, this objective is not unique for CT, but it is true across the entire field of medicine for every medical patient contact. This should be done because it is good medical practice and because it helps minimize health care spending. It should not be done because of fear of cancer. One adverse result of the focus on reducing radiation is the exaggeration of potential cancer from CT scans in media and some nonradiologic medical environments. These claims are easily refuted and pediatric radiologists need to have the knowledge to address any concerns raised by their patients and their families and also by referring physicians. Pediatric radiologists should also possibly become more assertive in defending the value of CT when claims of excessive cancer risk are published in media or journals.
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